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Introduction
The sulfoxidation of organic sulfides has been a concern for a long time due to its applications such as formation of useful reaction intermediate, 1 medicinal chemistry importance, 2 biosynthesis usefulness, 3 industrial desulfurization advantages 4 and industrial wastewater treatment relevance. 5 Oftentimes sulfoxidation plays key roles in the activation of enzymes. 5−6 In a fundamental chemistry field, sulfides are readily oxidized to their corresponding sulfones through the use of urea-hydrogen peroxide and trifluoro-acetic anhydride, 7 periodic acid, general hydrogen peroxide or molecular oxygen. 8 However, applied standpoint of view involves green chemistry and catalytic system, where molecular oxygen is used as only oxidant here. 9−10 Nevertheless, molecular oxygen is hard to be excited under normal condition. In order to achieve a complete photoredox reaction within a short period, a catalytic system that will give a readily excited O 2 species under light irradiation is necessary to develop. For instance, TiO 2 is a common photocatalyst that have been extensively discussed in term of synthesis and application for hydrogen production by water splitting 11 reduction of carbon dioxide 12 and degradation of organic pollutants. 13 However, application of this photocatalyst for organics' synthesis has some setbacks due to its wide bandgap. Specifically, TiO 2 is used as catalyst for; (1) deoxygenation; (2) hydrogenation; (3) visible light-induced organic transformation and so on, 14 all these yield results far below expectation. Considering the light absorption mechanism, ~5% ultraviolent region associated with sunlight but oftentimes, TiO 2 responds to meager part of the spectrums; this significantly limits its photocatalytic efficiency. 15 Hence shifting the response of TiO 2 from the UV region to visible light region would be advantageous in order to make use of significant amount of naturally available solar energy. In this paper, in order to extend response of the TiO 2 to visible light region, codoping of metal (Mo ion with high valence state) and nonmetal (N ion) onto TiO 2 is considered as the best alternative to obtain greenly catalytic activities. Note worthily, due to the high valence state of doped ion (Mo can decrease the bandgap sharply and promote the light absorption ability of the material, and it is incorporated via nitridation under ammonia gas at temperature (500 °C) and duration (2 h). In addition, surface complexes with organics (i.e. electron donors) are used to enhance visible-light absorption.
The absorption edge of modified TiO 2 extended further. 16−19 Our studies show that the surface complexes driven photoreaction reported here, should apply to many aerobic oxidation reactions for organic synthesis.
Experimental
Synthesis of N-TiO 2 and Mo-N-TiO 2 . The as-prepared TiO 2 and Mo-TiO 2 microspheres are treated in a tube furnace. Argon gas flows through the tube containing the samples for 15 min to remove air. The samples are then heated to 500 °C at 4 °C/min ramp under ammonia gas. After 2 h thermal treatment, the samples are cooled down within 4 h under ammonia gas. The remaining ammonia gas is removed by establishing the flow of argon gas for 30 min prior the removal of the sample from the furnace for further analysis. In this paper, N-TiO 2 and Mo-N-TiO 2 stand for TiO 2 and Mo-TiO 2 sample and nitriding treatment at 500 °C for 2 h, respectively. Figure 1 shows the powder X-ray diffraction (PXRD) patterns of . This together with a certain amount of defects caused by nitriding treatment gives quantifiable electrons all over the surface of the catalysts, evidently shown in the PXRD patterns of Mo-TiO 2 and Mo-N-TiO 2 with high crystallinity compared to TiO 2 and N-TiO 2 samples.
Results and discussion
Owing to the removal of the template during calcinations, the rough surfaces and diameter (0.60 ± 0.05) μm of the as-synthesized mesoporous TiO 2 microsphere are obtained, evident is shown in the said figure (Figure 2A) . 22 No agglomeration of the Mo-doped TiO 2 (i.e. Mo-TiO 2 and Mo-N-TiO 2 ) and N doped TiO 2 samples are observed, and this is similar with the undoped one in Figure 2B -D. The uniform spherical structures of the samples allow a fast inter-photocharge migration and collection, promoting the efficient conversion of Figure 3A , indicating the band gap energy of 3.23 eV (Figure 3B ), which is calculated using the equation λ g = 1240/E g . Owing to nitriding treatment, add-on shoulders are imposed onto the absorption edge, but the intensities of N-TiO 2 and Mo-N-TiO 2 are slightly different in Figure 3A . The E g values of them are 2.38 eV and 2.48 eV, respectively ( Figure 3B ).
The total densities of states of Mo-TiO 2 , N-TiO 2 and Mo-N-TiO 2 valence band are measured. In contrast to TiO 2 (VBM value of 2.28 eV), a remarkable upward shift of valence band maximum (VBM) of Mo-TiO 2, N-TiO 2 and Mo-N-TiO 2 are depicted in Figure 3C in the black line. Clearly, compared with TiO 2 , VBM of Mo-TiO 2 , N-TiO 2 and Mo-N-TiO 2 samples shift from 2.28 eV to 1.95 eV, 2.275 eV and 0.5 eV, respectively. As reported in reference, VBM of anatase TiO 2 was +2.64 eV (normal hydrogen electrode (NHE) at pH 7). 23 The electronic potentials for Mo-TiO 2 , N-TiO 2 and Mo-N-TiO 2 are determined as shown in Figure 3D . The conduction band minimum (CBM) level of the TiO 2 , Mo-TiO 2 and Mo-N-TiO 2 is negative enough to allow the reaction (O 2 + e -= •O 2 -(aq), -0.33 V vs NHE) to take place, but the bandgap of TiO 2 , Mo-TiO 2 are too wide and rarely responded under visible light irradiation. Among all the samples, with the proper bandgap (2.48 eV) and conduction band minimum (-1.62 eV), only Mo-N-TiO 2 sample has excellent ability in selective oxidation of thioanisole reaction. In addition, multi-electron surface complexes with organics (used as electron donors) promoted single-electron reduction of oxygen reaction process, and are also used to enhance visible-light absorption. Figure 4 and Table 1 shows the GC-FID results and data of the four samples for the aerobic oxidation of thioanisole reaction under 12 h visible light irradiation. When Mo-N-TiO 2 is used as photocatalyst, the conversion rate up to 66.35 % is observed. In general, the order of conversion rate for four photocatalyst is Mo-N-TiO 2 > Mo-TiO 2 > N-TiO 2 > TiO 2 . The results are accorded with that in Figure 3. 
Conclusions
Mesoporous Mo-N-TiO 2 have synthesized as optimal catalyst, because of their proper bandgap (2.48 eV) and conduction band minimum (-1.62 eV), which allow the single-electron reduction of oxygen molecules under visible light. Excess electrons are produced by doping high valence state ion (Mo 6+ ) and a certain amount of defects caused by nitriding treatment in the crystal lattice of TiO 2 . In addition, according to the ability of donating electrons to the conduction band of samples, Triethylamine shows highly favorable surface interaction, which is employed as a redox mediator in the selective oxidation of thioether reaction.
Owing to the surface modification of multi-electron surface complexes Mo-N-TiO 2 with triethylamine, the excellent conversion rate reaches 66.35% after 12 h visible light irradiation. Thus, photocatalytic activity of multi-electron surface complexes materials have been further improved to offer better performances for aerobic oxidation reaction.
